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(57) ABSTRACT 

A computer groups failing paths of a simulated, analyzed 
integrated circuit. The failing paths are listed and include 
series connected nodes having names. The node names are 
represented as node patterns and grouped into node pattern 
sets. The computer: (1) determines the node pattern in the 
node pattern set that is most likely to fail in response to a 
measure of probability of failure of a node pattern in a path 
on the failing path list, (2) creates a failing path set con 
taining the paths most likely to fail based on the determi 
nation of (1), and (3) iterates until each path on the list is in 
a failing path set by using paths not placed in a failing path 
set and node patterns not determined to be most likely to fail. 

28 Claims, 6 Drawing Sheets 
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Figure 1 (Prior Art) 
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Figure 2 (Prior Art) 
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FAILURE PATH GROUPING METHOD, 
APPARATUS, AND COMPUTER-READABLE 

MEDIUM 

FIELD OF THE INVENTION 

The present invention relates to a method of and apparatus 
for grouping failure paths of integrated circuit designs, and 
to a computer-readable medium for enabling a computer to 
perform such grouping. 

BACKGROUND ART 

Very large scale integrated (VLSI) circuit design is a 
complex and time consuming engineering task. Functional 
blocks are groupings of integrated circuits to be fabricated, 
e.g., adders, shifters, and clock distribution mechanisms. 
Before an integrated circuit can be fabricated, the integrated 
circuit must pass many correctness, i.e., veri?cation, checks 
if the circuit has many functional blocks. One such veri? 
cation check is a static timing analysis. A static timing 
analysis traces all signal paths through a circuit and veri?es 
that all signal paths meet or exceed the required timing 
constraints, i.e., the circuit is able to operate at or above a 
speci?ed frequency. Passing paths are signal paths meeting 
or exceeding the timing constraints and failing paths are 
signal paths not meeting the timing constraints. 

FIG. 1 is a portion of an exemplary circuit design, 
generally indicated by reference numeral 100. Circuit design 
portion 100 includes a set of functional blocks, i.e., FB1, 
FB2, FB1A, FB2A, and FB3—FB16 referenced by numerals 
102—119 respectively, connected via signal paths. Functional 
blocks 104, 110, and 116 represent functional blocks receiv 
ing a signal from another portion (not shoWn) of the circuit 
design or from an input port of the circuit design. Functional 
blocks 104, 110, and 116 derive a signal using signal paths 
to connected functional blocks 102 and 105, 108 and 111, 
114 and 117, respectively. 

Functional blocks 102—119 represent processing circuits, 
i.e., a set of one or more transistors, for processing the input 
signal received from other functional blocks of the circuit 
design (not shoWn) or from an input port (not shoWn) of the 
circuit design. Functional blocks 102—119 may be any of a 
Wide range of processing functionality, e.g., a single 
transistor, an inverter, an arithmetic logic unit (ALU), a 
?oating point unit (FPU), or any other logic processing unit. 
Functional blocks 102—119 process the received input signal 
and transmit a signal to either (1) another of the functional 
blocks 105—116 or (2) an output port (not shoWn) of the 
circuit design. 

Typically in a timing analysis resulting from a computer 
simulation of a proposed circuit design, transistors compris 
ing the integrated circuit are grouped into functional blocks, 
and a graph of connected functional blocks, e.g., the graph 
of portion 100 of FIG. 1, is constructed. Each functional 
block may contain one or more transistors or functional 

blocks. 
The timing analysis converts the functional block graph 

(FIG. 1) to a path and node graph (FIG. 2) by converting the 
signal path connecting functional blocks into nodes and 
converting the functional blocks into connections betWeen 
nodes. In other Words, the nodes are extracted from the 
functional block graph signal paths and logically connected 
by paths based on the functional blocks. Thus, the signal 
path connecting FB1 to FB2 is converted to a node generally 
indicated by a dashed line object 120 in FIG. 1. The signal 
path connecting FB3 to FB1 and FB1A is converted to a 
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2 
node generally indicated by a dashed line object 121. 
Functional block 102 connecting node 120 and 121, i.e., 
FB1, is converted to the path connecting the nodes 120, 121. 
Using the above-described procedure, FIG. 2 is a path and 
node graph 200 of converted functional block graph portion 
100 of FIG. 1. The timing analysis lists each path in path and 
node graph 200 as a series of nodes and delay times, i.e., the 
time required for processing to complete during a particular 
path traversal. 
As a result of the timing analysis, each path is categoriZed 

as passing or failing based on slack (i.e., required time for 
the path to perform an allocated operation less the actual 
performance time) or frequency (i.e., What is the maximum 
frequency that can be used before the path fails to perform 
the operation). Asingle functional block frequently contains 
many thousands of paths. Users use a static timing tool to 
request a report of the ?rst N paths. Typically the timing 
analysis indicates some subset of the requested N paths are 
failing paths. 

FIG. 2 is an exemplary set of nodes and paths of the 
portion 100 of the circuit design of FIG. 1. Nodes A, B1, B2, 
C, D, E, F, G, H, and I represent the input functional block(s) 
to a functional block of a circuit design. B1 and B2 are 
duplicate nodes and one node (B1, or B2, as appropriate) 
should be investigated if the designer determines the other is 
failing. For instance, the functional blocks FB1, FB1A of 
FIG. 1 forming the path providing input to nodes B1, B2 of 
FIG. 2 may be copies of an ALU design functional block. 

For illustrative purposes, it is assumed that nodes B1, B2, 
and F are failing nodes (dashed circles), i.e., paths contain 
ing these nodes fail to meet or exceed the timing constraints. 
As a result, the timing analysis for the node and path graph 
portion 200 of FIG. 2 results in a passing path list of the path 
made up of connected nodes D, E, and F, i.e., nodes 124, 
125, and 123 respectively. Because paths are reported from 
the timing analysis as a connected series of the node names 
of nodes making up the path separated by periods, the 
passing path is referred to as ‘D.E.F’. Using this identi?ca 
tion scheme, the failing path list includes the folloWing 
paths: A.B1.C, A.B2.C, D.B2.C, G.E.F, G.H.F, and G.H.I.F, 
respectively indicated by reference numerals 202—207 
(shoWn as shaded paths). 

Circuit designers receive timing analysis results identify 
ing the nodes and paths of a circuit design, a corresponding 
timing delay for each path, and lists of passing and failing 
paths based on timing constraints for the circuit design. 
Because of the large number of paths in circuit designs, there 
are frequently large numbers of failing paths requiring 
correction to meet or exceed the timing constraints. Cor 
recting each failing path in turn and re-running the timing 
analysis requires a large amount of time. Fortunately in 
many circuits, a single node can cause numerous path 
failures and if the particular node can be identi?ed, the large 
amount of time and effort required to identify and correct 
several related path failures can be minimiZed. To this end, 
circuit designers use numerous approaches, e.g., rules of 
thumb, designer intuition, circuit topology knoWledge, and 
engineering judgment, to minimiZe the amount of time and 
effort required to identify defective nodes and ultimately 
circuit designs. 
One method used by circuit designers to reduce the 

number of failing paths is grouping related failing paths into 
sets. These groupings, i.e., sets of failing paths, are some 
times referred to as ‘buckets’ by circuit designers and the 
process of grouping the failing paths is referred to as 
‘bucketiZing’. Because a node can occur in many paths, a 
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single bad node delay, resulting, e.g., from a driver too small 
for output loading thereof, might cause many paths to fail. 
Fortunately, in many cases, a single ?x to a particular 
functional block corresponding to the bad node can simul 
taneously ?x all the remaining failing paths Which include 
the node. 

Another method used by circuit designers to reduce the 
number of failing paths under consideration for correction is 
common grouping of nodes corresponding to common func 
tional blocks. Most often, common grouping is related to bus 
lines on integrated circuit designs. If a single line of a bus 
has a problem, e.g., a particular functional block for driving 
a signal on a particular line, often every line of the bus has 
the same problem because the particular functional block is 
frequently duplicated for all lines of the bus. With reference 
to FIG. 2, common grouping might be employed by a 
designer to group paths containing B1 and B2, i.e., FBl With 
FBlA and FB2 With FB2A referring to FIG. 1, because the 
functional blocks are duplicates. Thus, grouping failing 
paths 202 and 203, respectively A.B1.C and A.B2.C, 
because the paths differ only based on duplicate nodes B1 
and B2, reduces by one half the number of paths identi?ed 
for correction. 

Grouping paths into failing path sets using any of the 
above-identi?ed methods and information helps make 
debugging and ?xing a functional block more manageable. 
Different designers create different failing path sets. To 
create a collection of failing path sets, the designer starts 
With the timing analysis node and path result. A failing path 
from the timing analysis is used to create a ?rst failing path 
set in the failing path set collection. The designer selects 
failing paths typically based on designer instinct or ‘gut feel’ 
and circuit knoWledge. The selected failing path is added to 
the ?rst failing path set. Using the above described methods, 
additional failing paths are selected from the timing analysis 
and added to the ?rst failing path set. During the process of 
matching failing paths to failing path sets, if a failing path 
does not match an existing failing path set, then the user 
creates a neW failing path set in the failing path set collection 
and assigns the failing path to the failing path set. After 
many sets have been created, the designer Will group 
(assigning failing paths to the sets created so far) to see 
Which failing paths remain, and then create neW sets for 
those remaining failing paths. In the ideal case, the process 
continues until the user has sorted all failing paths into 
failing path sets; hoWever, because of the very large number 
of failing paths in the typical circuit design, designers stop 
grouping failing paths before all paths have been considered. 

There may be several thousand failing paths, e.g., 5,000 
out of 100,000 paths of an integrated circuit design. Creating 
failing path sets and repeatedly grouping failing paths until 
all failing paths are in a set are tedious processes frequently 
requiring at least a day of a designer’s valuable time. While 
a designer is creating the sets, a team of engineers may be 
Waiting for the results so they can start Working on identi 
fying and repairing the problems associated With the 
assigned sets. 

Designers use their knoWledge of the circuit design and 
rules of thumb to decide hoW to create a failing path set for 
a failing path. One rule of thumb is to identify a node With 
a very high routing delay. This approach Works for some 
nodes in failing paths, but like any rule of thumb, there are 
counterexamples. 

For example, because a global clock signal is distributed 
throughout the circuit, the corresponding timing path alWays 
has a high routing delay indicative of a failure path. 
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4 
HoWever, the global clock signal appears in almost all 
passing paths as Well, so the clock path is a poor choice to 
use for a failing path set. 

Another problem encountered With previous approaches 
is a lack of sorting of failing paths, i.e., using previous 
approaches there is little or no failing path priority. Many of 
the failing path sets are created and ?lled using rules of 
thumb and the best guess of a designer. Additional infor 
mation about the probability of failure of a given path is not 
taken into account to rank the failing paths. This information 
could be used to allocate limited design resources more 
ef?ciently. 
As described above, there is a need in the art for an 

improved method of identifying failing path sets for failing 
path grouping. 

DISCLOSURE/SUMMARY OF THE INVENTION 

The above described objects are ful?lled by a method of 
grouping failing paths of an analyZed integrated circuit. 
Failing paths, including series connected nodes having 
names, are in a list. Node pattern sets are represented as 
grouped node names. The node pattern in the node pattern 
set that is most likely to fail is determined in response to a 
measure of probability of failure of a node pattern in a path 
on the list. Paths most likely to fail based on the determined 
most likely to fail node pattern are placed in a failing path 
set. The determining and placing steps are repeated until 
each path on the list is in a failing path set by using paths not 
placed in a failing path set and node patterns not determined 
to be most likely to fail. 

In an apparatus aspect, a preferred embodiment of the 
present invention includes a computer-readable medium 
having at least one sequence of machine executable instruc 
tions for grouping failure paths of an analyZed integrated 
circuit design in machine form. The execution of the instruc 
tions by one or more processors causes the one or more 

processors to determine the node pattern in the node pattern 
set that is most likely to fail in response to a measure of 
probability of failure of a node pattern in a path on the list. 
Paths most likely to fail based on the determined most likely 
to fail node pattern are placed in a failing path set. Further 
execution of the instructions by a processor causes the one 
or more processors to executed the sequence of instructions 
until each path on the list is in a failing path set by using 
paths not placed in a failing path set and node patterns not 
determined to be most likely to fail. 

In a system aspect, a preferred embodiment of the present 
invention includes grouping failing paths of an analyZed 
integrated circuit design. The system includes a processor 
and a memory coupled to the processor. The memory stores 
failing paths and sequences of instructions for execution by 
the processor. The failing paths include series connected 
nodes having names and the failing paths are included in a 
list. The node names in the failing paths are represented as 
node patterns and grouped into node pattern sets. The 
sequences of instructions, When executed by the processor, 
cause the processor to determine the node pattern in the node 
pattern set that is most likely to fail in response to a measure 
of probability of failure of a node pattern in a path on the list. 
The paths determined most likely to fail based on the 
determined most likely to fail node pattern are placed in a 
failing path set. The instruction sequence, When executed by 
the processor, further causes the processor to execute the 
sequence of instructions until each path on the list is in a 
failing path set by using paths not placed in a failing path set 
and node patterns not determined to be most likely to fail. 
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Still other objects and advantages of the present invention 
Will become readily apparent to those skilled in the art from 
the following detailed description, Wherein the preferred 
embodiments of the invention are shoWn and described, 
simply by Way of illustration of the best mode contemplated 
of carrying out the invention. As Will be realiZed, the 
invention is capable of other and different embodiments, and 
its several details are capable of modi?cations in various 
obvious respects, all Without departing from the invention. 
Accordingly, the draWings and description thereof are to be 
regarded as illustrative in nature, and not as restrictive. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1 and 2, as previously described, are respectively 
examples of a prior art integrated circuit design and a node 
and path diagram for the circuit design; 

FIG. 3 is a high level block diagram of a computer system 
usable With a preferred embodiment of the present inven 
tion; 

FIG. 4 is a high level How diagram of operations the 
computer system of FIG. 3 performs to analyZe a simulated 
integrated circuit in accordance With a preferred embodi 
ment of the present invention; 

FIG. 5 is a How diagram of a bucket generation portion of 
the How diagram of FIG. 4; and 

FIG. 6 is a high level data structure diagram of a data 
structure usable With an embodiment of the present inven 
tion. 

DETAILED DESCRIPTION 

FIG. 3 is a block of an exemplary computer system 300 
upon Which an embodiment of the invention may be imple 
mented. The present invention is usable With currently 
available personal computers, mini-mainframes and the like. 

Computer system 300 includes a bus 302 or other com 
munication mechanism for communicating information, and 
a processor 304 coupled With the bus 302 for processing 
information. Computer system 300 also includes a main 
memory 306, such as a random access memory or 
other dynamic storage device, coupled to the bus 302 for 
storing path data, and instructions to be executed by pro 
cessor 304. Main memory 306 also may be used for storing 
temporary variables or other intermediate information dur 
ing execution of instructions to be executed by processor 
304. Computer system 300 further includes a read only 
memory (ROM) 308 or other static storage device coupled 
to the bus 302 for storing static information and instructions 
for the processor 304. A storage device 310, such as a 
magnetic disk or optical disk, is provided and coupled to the 
bus 302 for storing path data and instructions. 

Computer system 300 is coupled via the bus 302 to a 
display 312, such as a cathode ray tube (CRT) or a ?at panel 
display, for displaying bucket generation information to a 
user. An input device 314, including alphanumeric and 
function keys, is coupled to the bus 302 for communicating 
information and command selections to the processor 304. 
Another type of user input device is cursor control 316, such 
as a mouse, a trackball, or cursor direction keys for com 
municating direction information and command selections 
to processor 304 and for controlling cursor movement on the 
display 312. This input device typically has tWo degrees of 
freedom in tWo axes, a ?rst axis (e.g., x) and a second axis 
(e.g., y) alloWing the device to specify positions in a plane. 

Computer system 300, automatically generates buckets 
for failing paths of an integrated circuit design such as the 
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6 
design of FIG. 1. The invention, the failing path buckets are 
generated by computer system 300 in response to processor 
304 executing sequences of instructions contained in main 
memory 306 in response to input received via input device 
314, cursor control 316, or communication interface 318. 
Such instructions may be read into main memory 306 from 
another computer-readable medium, such as storage device 
310. 

HoWever, the computer-readable medium is not limited to 
devices such as storage device 310. For example, the 
computer-readable medium can include a ?oppy disk, a 
?exible disk, hard disk, magnetic tape, or any other magnetic 
medium, a compact disc-ROM (CD-ROM), any other opti 
cal medium, punch cards, paper tape, any other physical 
medium With patterns of holes, a RAM, a programmable 
ROM (PROM), an erasable programmable ROM (EPROM), 
a ?ash-EPROM, any other memory chip or cartridge, a 
carrier Wave embodied in an electrical, electromagnetic, 
infrared, or optical signal, or any other medium from Which 
a computer can read. Execution of the sequences of instruc 
tions contained in the main memory 306 causes the proces 
sor 304 to perform the process steps described beloW. In 
alternative embodiments, hard-Wired circuitry may be used 
in place of or in combination With computer softWare 
instructions to group the failing paths. Thus, grouping the 
failing paths is not limited to any speci?c combination of 
hardWare circuitry and softWare. 

Computer system 300 also includes a communication 
interface 318 coupled to the bus 302. Communication inter 
face 308 provides tWo-Way data communication as is 
knoWn. For example, communication interface 318 can be 
an integrated services digital netWork (ISDN) card, a digital 
subscriber line (DSL) card, or a modem to provide a data 
communication connection to a corresponding type of tele 
phone line. As another example, communication interface 
318 can be a local area netWork (LAN) card to provide a data 
communication connection to a compatible LAN. Wireless 
links can also be implemented. In any such implementation, 
communication interface 318 sends and receives electrical, 
electromagnetic or optical signals Which carry digital data 
streams representing various types of information. Of par 
ticular note, the communications through interface 318 can 
provide transmission or receipt of path failure information 
and generated bucket information. For example, tWo or more 
computer systems 300 can be netWorked together in a 
conventional manner With each using the communication 
interface 318. 
NetWork link 320 typically provides data communication 

through one or more netWorks to other data devices. For 
example, netWork link 320 can provide a connection through 
local netWork 322 to a host computer 324 or to data 
equipment operated by an Internet Service Provider (ISP) 
326. ISP 326 in turn provides data communication services 
through the World Wide packet data communication netWork 
noW commonly referred to as the “Internet” 328. Local 
netWork 322 and Internet 328 both use electrical, electro 
magnetic or optical signals Which carry digital data streams. 
The signals through the various netWorks and the signals on 
netWork link 320 and through communication interface 318, 
Which carry the digital data to and from computer system 
300, are exemplary forms of carrier Waves transporting the 
information. 

Computer system 300 can send messages and receive 
data, including program code, through the netWork(s), net 
Work link 320 and communication interface 318. In the 
Internet example, a server 330 transmits a requested code for 
an application program through Internet 328, ISP 326, local 
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network 322 and communication interface 318. In accor 
dance With an embodiment of the invention, one such 
downloaded application groups failing paths of integrated 
circuits. 

The received code is executed by processor 304 as it is 
received, and/or stored in storage device 310, or other 
non-volatile storage for later execution. In this manner, 
computer system 300 obtains application code in the form of 
a carrier Wave. 

The process How 400 performed by computer system 300 
to analyZe a designed integrated circuit design eg the 
design of FIG. 1, is noW described in detail With reference 
to FIG. 4. Initially computer system 300 performs step 402, 
Wherein simulation results of the integrated circuit design 
are received by computer 300. The simulation results are the 
output of a static timing analysis performed using prior art 
softWare analysis tools, e.g., PathMill manufactured by 
Synopsys, Inc. After receipt of the simulation results, com 
puter 300 proceeds to step 404 Wherein failing path sets are 
generated, as described in detail beloW. Upon completion of 
failing path set generation step 404, computer 300 proceeds 
to step 406 and merges selected failing paths as described in 
detail beloW. Then computer 300 advances to step 408 
Wherein the result of the failing path merging steps 406 is 
supplied to display 312 for graphical display and/or stored in 
storage device 310 for later or additional use. 

The operations computer 300 performs during failing path 
set generation step 404 are noW described in detail With 
reference to FIG. 5. During step 502, computer 300 initial 
iZes a data structure, i.e., failing path list 602 (described With 
reference to FIG. 6) stored in memory 306 or storage device 
310, for storing failing paths. Speci?cally, paths falling 
beloW a particular frequency, i.e., a passing frequency, are 
added to the failing path list 602. In an alternate 
embodiment, failing path list 602 is created in memory 
during initialiZing step 502. 

Then, during step 504, computer 300 converts each node 
name in a particular path in failing path list 602 to a node 
pattern. During conversion step 504, computer 300 removes 
bus notation of the designed simulated integrated circuit so 
that all bus lines are treated as a single line e.g., address lines 
aibus1 through aibus16 of a 16 bit address line are treated 
as a single aibus’F address line. Additionally, resistors and 
capacitors added to the logical circuit design to meet elec 
trical design requirements are removed during conversion 
step 504. 
Upon completion of conversion step 504, computer 300 

proceeds to step 506 during Which the computer determines 
Whether each node pattern exists in a node pattern set. 
Initially, there are no node pattern sets and the result is 
negative. If the result of the step 506 determination is 
negative, computer 300 proceeds to step 508 Wherein the 
computer adds the converted node pattern to the node 
pattern set. After step 508, computer 300 proceeds to step 
410. If computer 300, during step 406, determines that the 
node pattern is in the node pattern set, computer 300 
proceeds to step 510. 

In step 510, computer 300 determines Whether node paths 
in failing path list 602 remain to be converted and matched 
against the node pattern set. If the outcome is positive, 
computer 300 returns to step 504 to operate on node names 
in another failing path in failing path list 502. If the outcome 
is negative, computer 300 proceeds to step 512. 

In step 512, computer 300 determines the most likely to 
fail (MLTF) node pattern of the node pattern set by com 
paring the probability that a path Will fail if the path contains 
a given node pattern. Formally stated, the probability is 
Written as: 

p(x)=P(pathiisifailing|pathicontainsinodeipatternjvli?luation 1) 
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The “|” in Equation 1 on the right hand side (RHS) 

denotes conditional probability. Thus, the RHS of Equation 
1 is read as “the probability that a path is failing given that 
the path contains node pattern x.” 

In a preferred embodiment, computer 300 calculates the 
probability of Equation 1 for a particular node pattern by 
dividing the number of failing paths containing the node 
pattern by the total number of paths in the integrated circuit 
containing the node pattern. If tWo node patterns evaluate to 
an equal probability of failure, the node pattern occurring in 
the most failing paths is determined to be the MLTF node 
pattern. 

Valuable information from passing paths is used in deter 
mining the MLTF pattern, yet only the failing paths are 
grouped. For cases Where many patterns have the same 
probability, the number of failing nodes is used as the tie 
breaker. This has the effect of greedily taking nodes Which 
fail all or most of the time and occur in the most paths ?rst, 
thus shortening the depth of tree 600. 

Computer 300 then proceeds to step 514 Wherein the 
computer creates a failing path set 604 (depicted and 
described With reference to FIG. 6 beloW) for the MLTF 
node pattern identi?ed by computer 300 in step 512. The 
failing path set 604 is another data structure added to a tree 
600 data structure described beloW. Failing path set 604 is be 
similar to failing path list 602 data structure. 

After creating the failing path set 604, the computer 300 
proceeds to step 516 and removes paths matching or includ 
ing the MLTF node pattern from failing path list 602. 

Then, in step 518, computer 300 determines Whether there 
are any paths remaining to be grouped. If there are paths 
remaining, computer 300 creates a neW remaining failing 
path list 606 (depicted and described With reference to FIG. 
6 beloW) and includes the failing paths from failing path list 
602 not found in failing path set 604. Computer 300 returns 
to step 504 to perform another iteration of the process steps. 
Subsequent iterations of computer 300 executing the process 
steps result in additional failing path sets 608—612 and 
remaining failing path lists 606—610 being added to tree 600. 
If there are no paths remaining, the computer 300 proceeds 
to step 520 during Which the computer supplies the grouped 
paths provided to failing path merging step 406. 

In step 406, computer 300 merges the failing path sets 
from tree 600. For each failing path set, any numbers in the 
node pattern forming a basis for the particular set are 
replaced With a placeholder value, e.g., B1 and B2 are both 
converted to B*, and the node pattern of the failing path sets 
of tree 600 are compared to determine any matches. That is, 
the failing path set based on node pattern B1 Will match With 
the failing path set based on node pattern B2. A result of 
failing path set merging is to group failing path sets based on 
hierarchical or multiple functional copies of functional 
blocks. For example, many microprocessors include mul 
tiple arithmetic logic units, commonly referred to as ALUs, 
Which are exemplary functional blocks. In a circuit design, 
the multiple ALUs are individually numbered and referred to 
as ALU1, ALU2, and so on. Frequently, all the ALUs on a 
particular integrated circuit are the same, i.e. any design 
errors or failing paths discovered in a ?rst ALU as applicable 
to all other copies of the ?rst ALU. In this case, it is useful 
to reduce the number of failing path sets by considering the 
multiple ALUs as a single ALU. 
The data structures of the failing path lists and the failing 

path sets are noW described With reference to FIG. 6. The 
failing paths are stored as a degenerate tree, e.g., a linked 
list, data structure using only a single attribute at each level. 
FIG. 6 is a graphic depiction of an exemplary tree 600 stored 
in main memory 306. It is to be understood that different 
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data structures are usable in carrying out the operation of the 
present invention and the data structures are merely exem 
plary in nature. 

Failing path list 602, created as a result of the operations 
performed by computer 300 as described above With refer 
ence to FIGS. 4 and 5, is depicted at the upper left of the tree 
600 in FIG. 6. From top to bottom and left to right, i.e., a left 
depth-?rst traversal, the tree 600 is noW described. A subset 
of failing path set 602 matching a particular node pattern 
forms a ?rst leaf, i.e., failing path set 604, on tree 600, i.e., 
paths containing the particular node pattern. The failing 
paths in failing path set 604 match the particular node 
pattern if the path includes the particular node pattern. 

Computer 300, in creating the linked-list data structure 
comprising tree 600, links a ?rst set of remaining failing 
paths 606 from the set of all failing paths 602. The ?rst set 
of remaining failing paths 606 includes the subset of all 
failing paths not contained Within failing path set 604. The 
subset of remaining failing paths 606 including a particular 
node pattern forms a second leaf, i.e., failing path set 608, 
on tree 600, so the second leaf of paths containing a pattern 
different from the ?rst node pattern matched by the failing 
paths in failing path set 604. 

Computer 300 links a second set of remaining failing 
paths 610 from the ?rst set of remaining failing paths 606. 
The second set of remaining failing paths 610 includes the 
subset of remaining failing paths 606 not contained Within 
failing path set 608. Computer 300 continues processing tree 
600 in this fashion so that a subset of remaining failing paths 
610 matching a ?nal node pattern forms a third leaf, i.e., 
failing path set 612 on tree 600, so the third leaf includes 
remaining paths containing the ?nal node pattern. Computer 
300 stops processing tree 600 When there are no additional 
remaining failing paths to match a given pattern. 

The number of failing path sets in tree 600 is limited to a 
maximum equal to the number of failing paths. 

The operations associated With the ?oWchart of FIGS. 4 
and 5 Were Written in Perl5 and run on an HP-UX 10.20 
operating system. Perl Was chosen for its ease of use and 
ability to handle regular expressions, memory management, 
and hashes in a simple Way. Using an input design of 
100,000 total paths and 15,000 failing paths, the Perl imple 
mentation completed processing in approximately 15 min 
utes. A C++ implementation evaluating the same design, 
completed processing the failing path grouping process in 
approximately tWo minutes. A human evaluating the same 
design required tWo days to perform a similar failing path 
grouping. There is a considerable amount of time and cost 
savings by the present invention over a human-driven pro 
cess. 

An example of the operation of the present invention is 
noW described With reference to the circuit design of FIG. 1. 
Input device 314 supplies a static timing analysis of the 
circuit design. The static timing is performed using tools 
knoWn to persons skilled in the art to the remainder of 
computer 300. Computer 300 responds to the static timing 
analysis by performing failing path set generation step 404 
(FIG. 4). In step 502, computer 300 initialiZes a failing path 
list 602 With node paths failing to achieve the passing 
frequency. A static timing analysis of FIG. 2 indicates node 
paths A.B1.C, A.B2.C, D.B2.C, G.E.F, G.H.F, and G.H.J.F 
are on the failing path list. The remaining pathes, i.e., it is to 
be understood that in an alternate embodiment, the static 
timing analysis includes only timing results and not failing 
path list 602. If failing path list 602 is not supplied to 
computer 300, the computer processes the timing results to 
generate failing path list 602. 
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10 
During steps 504 through 510, computer 300 converts 

node paths A.B1.C, A.B2.C, D.B2.C, G.E.F, G.H.F, and 
G.H.I.F to node pattern set A, B1,B2,C, D, E, F, G, H, and 
I. 
Node pattern F is the most likely to fail since three failing 

paths contain F and three passing paths contain F. Computer 
300 responds to these values to calculate Equation 1 to 
determine the resulting failure probability is 100% or P(F)= 
3/3. Computer 300 then creates node pattern F failing path 
set 604 that includes failing paths G.E.F, G.H.F, and G.H.I.F. 
Computer 300 removes paths G.E.F, G.H.F, and G.H.I.F 
from failing path list 602 and iterates the process using 
remaining failing path list 606 that consists of A.B1.C, 
A.B2.C, and D.B2.C. 

Because the remaining node pattern set consists of A, B1, 
B2, C, and D, Computer 300 at step 510 determines that 
node patterns remain to be converted. Computer 300 then 
determines during operation 512 that the most likely to fail 
node pattern is B2. TWo failing paths A.B2.C and D.B2.C 
contain B2 and tWo passing paths contain B2. Then, com 
puter 300 during operation 514 creates node pattern B2 
failing path set 608 that includes paths A.B2.C and D.B2.C 
Which the computer removed during step 516. Removing 
paths A.B2.C and D.B2.C from the failing path list 606 
results in A.B1.C as the remaining failing path at step 518 
and the process iterates one last time resulting in a node 
pattern B1 bucket including node path A.B1.C. 

In step 406, computer 300 merges the B1 and B2 failing 
path sets into a B* failing path set including node paths 
A.B1.C, A.B2.C, and D.B2.C. The F failing path set is not 
merged With any of the B1, B2, or B* failing path sets. 
Computer 300 then provides as output in step 520 the failing 
path set matching the F node pattern, i.e., failing paths 
D.E.F, G.H.F, and G.H.I.F, and the failing path set matching 
the B* node pattern, i.e., failing paths A.B1.C, A.B2.C, and 
D.B2.C. 

It Will be readily seen by one of ordinary skill in the art 
that the present invention ful?lls all of the objects set forth 
above. After reading the foregoing speci?cation, one of 
ordinary skill Will be able to affect various changes, substi 
tutions of equivalents and various other aspects of the 
invention as broadly disclosed herein. It is therefore 
intended that the protection granted hereon be limited only 
by the de?nition contained in the appended claims and 
equivalents thereof. 

For example, it is to be understood that the present 
invention is not restricted to being implemented in any 
particular programming language or operating on a particu 
lar computer hardWare or operating system. The speci?c 
descriptions provided above are intended to be exemplary in 
nature and not restrictive. 
What is claimed is: 
1. A method of enabling failing paths of an analyZed 

integrated circuit to be grouped, the failing paths (a) includ 
ing series connected nodes having names and (b) being 
included in a list, the node names in the failing paths being 
represented as node patterns and grouped into node pattern 
sets, comprising: 

(A) determining the node pattern in the node pattern set 
that is most likely to fail in response to a measure of 
probability of failure of a node pattern in a path on the 
list; 

(B) placing in a failing path set the paths most likely to fail 
based on the determination of step (A); 

(C) repeating steps (A) and (B) until each path on the list 
is in a failing path set by using paths not placed in a 
failing path set and node patterns not determined to be 
most likely to fail. 
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2. The method of claim 1 further including merging 
failing path sets. 

3. The method of claim 2 Wherein the measure of prob 
ability is determined in response to the number of failing 
paths including the node pattern relative to the total number 
of paths including the node pattern. 

4. The method of claim 2 Wherein step (A) is also 
performed in response to the number of failing paths includ 
ing the node pattern. 

5. The method of claim 1 Wherein step (A) is also 
performed in response to the number of failing paths includ 
ing the node pattern. 

6. The method of claim 1 Wherein the measure of prob 
ability is determined in response to the number of failing 
paths including the node pattern relative to the total number 
of paths including the node pattern. 

7. The method of claim 6 Wherein step (A) is also 
performed in response to the number of failing paths includ 
ing the node pattern. 

8. The method of claim 1 Wherein step (C) includes 
removing the paths in the failing paths set from the list. 

9. The method of claim 1 Wherein step (C) includes and 
removing the most likely to fail node pattern from the node 
pattern set. 

10. A computer-readable medium, comprising: 
at least one sequence of machine executable instructions 

for enabling failing paths of an analyZed integrated 
circuit design to be grouped, the failing paths (a) 
including series connected nodes having names and (b) 
being included in a list, the node names in the failing 
paths being represented as node patterns and grouped in 
a node pattern set, and the medium bearing the execut 
able instructions in machine form, Wherein execution 
of the instructions by one or more processors causes the 
one or more processors to: 

(A) determine the node pattern in the node pattern set 
that is most likely to fail in response to a measure of 
probability of failure of a node pattern in a path on 
the list; 

(B) place in a failing path set the paths most likely to 
fail based on the step (A) determination; 

(C) repeating steps (A) and (B) until each path on the 
list is in a failing path set by using paths not placed 
in a failing path set and node patterns not determined 
to be most likely to fail. 

11. The medium of claim 10, Wherein step (A) is also 
performed in response to the number of failing paths includ 
ing the node pattern. 

12. The medium of claim 10, further comprising machine 
executable instructions, Wherein execution of the instruc 
tions by one or more processors causes the one or more 

processors to merge failing path sets. 
13. The medium of claim 12, Wherein the measure of 

probability is determined in response to the number of 
failing paths including the node pattern relative to the total 
number of paths including the node pattern. 

14. The medium of claim 12, Wherein step (A) is also 
performed in response to the number of failing paths includ 
ing the node pattern. 

15. The medium of claim 10, Wherein the measure of 
probability is determined in response to the number of 
failing paths including the node pattern relative to the total 
number of paths including the node pattern. 
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16. The medium of claim 15 Wherein step (A) is also 

performed in response to the number of failing paths includ 
ing the node pattern. 

17. The medium of claim 10 Wherein step (C) includes 
removing the paths in the failing path set from the list. 

18. The medium of claim 10 Wherein step (C) includes 
removing the most likely to fail node pattern from the node 
pattern set. 

19. A computer system for enabling failure paths of an 
analyZed integrated circuit design to be grouped, compris 
ing: 

a processor; and 

a memory coupled to said processor, the memory having 
stored therein failing paths including series connected 
nodes having names, the failing paths being included in 
a list, the node names in the failing paths being repre 
sented as node patterns and grouped into node pattern 
sets, and sequences of instructions, Which When 
executed by said processor, cause said processor to 
perform the steps of: 
(A) determining the node pattern in the node pattern set 

that is most likely to fail in response to a measure of 
probability of failure of a node pattern in a path on 
the list; 

(B) placing in a failing path set the paths most likely to 
fail based on the determination of step (A); 

(C) repeating steps (A) and (B) until each path on the 
list is in a failing path set by using paths not placed 
in a failing path set and node patterns not determined 
to be most likely to fail. 

20. The computer system of claim 19, Wherein step (A) is 
also performed in response to the number of failing paths 
including the node pattern. 

21. The computer system of claim 19, further comprising 
instructions, Which When executed by the processor, cause 
said processor to perform the step of merging failing path 
sets. 

22. The computer system of claim 21, Wherein the mea 
sure of probability is determined in response to the number 
of failing paths including the node pattern relative to the 
total number of paths including the node pattern. 

23. The computer system of claim 21, Wherein step (A) is 
also performed in response to the number of failing paths 
including the node pattern. 

24. The computer system of claim 19, Wherein the mea 
sure of probability is determined in response to the number 
of failing paths including the node pattern relative to the 
total number of paths including the node pattern. 

25. The computer system of claim 24, Wherein step (A) is 
also performed in response to the number of failing paths 
including the node pattern. 

26. The computer system of claim 19, Wherein step (C) 
includes removing the paths in the failing path set from the 
list. 

27. The computer system of claim 19, Wherein step (C) 
includes removing the most likely to fail node pattern from 
the node pattern set. 

28. Acomputer program, including a sequence of instruc 
tions Which, When executed by a computer, cause the 
computer to perform the steps of claim 1. 

* * * * * 


